Abstract Landslide-generated tsunamis are lesser-known yet equally destructive than earthquake tsunamis. Indeed, the highest tsunami wave recorded in recent history was generated by a landslide in Lituya Bay (Alaska, July 9, 1958) and produced runup in excess of 400 m. In this paper, we review the state of the art of landslide tsunami analytical modelling. Within the framework of a linearised shallow-water theory, we illustrate the dynamics of landslide tsunami generation and propagation along beaches and around islands. Finally, we highlight some intriguing new directions in the analytical modelling of landslide tsunamis to support early warning systems.
Introduction
Landslide tsunamis are transient surface gravity waves generated by mass failures at the margins of water bodies. Tsunamis can be generated as a subaerial mass enters the water, such as the 1963 Vajont event in Italy (Panizzo et al. 2005; Di Risio and Sammarco 2008) , or as a submarine mass failure (SMF) pushes water ahead, like in the 1998 Papua New Guinea event (Tappin et al. 2008) . While the hydrodynamics of earthquake tsunamis is well understood at present, the generation and propagation of landslide tsunamis is instead less fathomed Kanoglu and Synolakis 2015) . Indeed, modelling landslide tsunamis is intrinsically challenging as it involves a time-dependent bottom deformation in the same region where the waves are generated and propagate. In this paper, we shall review the analytical models of Sammarco and Renzi (2008) , Renzi and Sammarco (2010) and Renzi and Sammarco (2012) , which have become benchmark models for numerical codes (Romano et al. 2013; Dias et al. 2014; Stefanakis et al. 2014 ) and statistical emulations (Sarri et al. 2012) of landslide tsunamis. Analytical models provide an invaluable tool in the science of tsunami modelling, for they allow one to obtain a sound physical understanding of the wave dynamics and to carry out parametric investigations on the influence of the system main parameters on the maximum wave run-up. The paper is organised as follows. First, we shall discuss the evolution of landslide tsunami analytical modelling, from the first simplified attempts to forced two-horizontal dimensions solutions (BState of the art of landslide tsunami modelling^section). Then, we shall illustrate the hydrodynamics of landslide tsunami generation and propagation based on those analytical solutions (BTwo-horizontal dimension models^section). Finally, we shall discuss the practical importance (and limits) of our analytical results and introduce new research ideas based upon them (BDiscussion and new research directions^section).
State of the art of landslide tsunami modelling
The hydrodynamic modelling of landslide-generated tsunamis is quite a recent branch of fluid dynamics. The Lituya Bay first and the devastating Papua New Guinea (PNG) tsunami on July 17, 1998, after, drove the international tsunami community to recognise the potential hazard of SMFs, starting a systematic approach to the modelling of landslide tsunami hydrodynamics. The PNG tsunami was generated by an underwater sediment slump just offshore, with a total volume of 6.4 km 3 (Farrell et al. 2015) . The waves reached a maximum run-up of about 15 m, hitting a 15-km section of northern PNG known as the Sissano Lagoon and killing more than 2000 people (Tappin et al. 2008; Farrell et al. 2015) . One of the striking features of the PNG tsunami was the unexpected concentration of the run-up along a relatively narrow stretch of the coastline, which could not be explained with traditional earthquake tsunami models (Kanoglu and Synolakis 2015) . The PNG event was characterised by three distinctive characteristics: (1) unexpectedly large wave amplitude, (2) delayed time of arrival and (3) focussing of coastal inundation along a limited stretch. Such characteristics are usually not associated with earthquake tsunamis and indeed are proper of landslide-generated tsunamis. During a seismic event, the vertical seafloor dislocation can reach several metres and the fault can extend up to 1000 km laterally. On the contrary, the vertical seafloor deformation associated with a landslide depends on the dimensions of the landslide mass and on the distance travelled by the dislocation, both of the order of 100 m. The slide lateral extent is usually contained within a few kilometres (Bardet et al. 2003) . Because of such different length scales, earthquake tsunamis have longer period and can travel substantially larger distances than landslide tsunamis. The latter, however, focus along narrow stretches of the coastline and can induce larger run-ups locally. Indeed the largest known tsunami wave in modern times was generated by the landslide in Lituya Bay (Alaska, July 9, 1958), which produced run-up in excess of 400 m (Kanoglu and Synolakis 2015) .
A challenging aspect of landslide tsunami modelling is the dependence of the transient wave field on the actual time history of the seafloor deformation. In an attempt of simplifying such complex dynamics, Watts et al. (2003) initially neglected the direct bottom forcing and assigned a hot-start condition at the free surface from SMF tsunami generation. Such an initial condition was then to be implemented in tsunami propagation and inundation models. Later, Sammarco and Renzi (2008) demonstrated that no analytical proof of the validity of the hot-start approach could be given, suggesting that such simplified models be used only for quick run-up assessment. Indeed, Liu et al. (2003) were among the first to recognise the importance of including the time history of the seafloor deformation in landslide tsunami modelling. Liu et al. (2003) derived a one-dimensional analytical model of waves generated by a moving block down a sloping beach, by including the time history of the block motion as a forcing term directly into the linear shallow-water equation. Subsequent numerical investigation by Lynett and Liu (2005) on a three-dimensional plane beach showed that a sliding mass is in fact able to generate two different wave fields. At the earliest times
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following the landslide motion, Lynett and Liu (2005) observed not only fast decaying offshore waves, but also travelling waves propagating along the coastline. Such longshore motion eventually becomes predominant, in the fashion of transient propagating edge waves. The numerical results of Lynett and Liu (2005) highlighted the need to develop an appropriate analytical twohorizontal-dimension (2HD) model to explain such dynamics. Following the suggestion of Lynett and Liu (2005) , Sammarco and Renzi (2008) , Renzi and Sammarco (2010) and Renzi and Sammarco (2012) developed fully 2HD analytical models of landslide tsunami generation and propagation along a plane beach and around a conical island, induced by a sliding solid block. By using the forced linear shallow-water equation, Sammarco and Renzi (2008) derived the analytical form of both the offshore component and the transient edge waves travelling along the shoreline of a plane beach. Sammarco and Renzi (2008) showed analytically that for landslide-induced tsunamis along a sloping beach the larger waves are not in the front of the wave train, but are shifted towards the middle of it. This behaviour is in sharp contrast with that of transient waves generated and propagating in water of constant depth, like earthquake tsunamis, where the larger waves are usually in front of the wave train (Chapter 2 of Mei et al. 2005) . By applying the same analytical model to a conical island, Renzi and Sammarco (2010) derived a new solution to the forced linear shallow-water equation in terms of confluent Heun functions. Such solution shows that on a conical island refraction is reduced and landslide-induced waves are not completely trapped along the shoreline. Therefore, around a conical island no perfectly trapped edge waves are generated by the landslide and waves propagate also in the offshore direction. Nevertheless, quasi-trapped waves are still able to produce enhanced run-up around the island. Finally, Renzi and Sammarco (2012) extended the original plane beach model of Sammarco and Renzi (2008) to consider the influence of the landslide shape and the continental shelf on the wave field. Renzi and Sammarco (2012) showed that the presence of irregularities in the shape of the landslide favours the generation of spiky double-crested waves, which carry a more destructive potential. On the other hand, the presence of the continental shelf reduces the number of spectral components that are excited by the landslide with respect to an indefinite plane beach and may be beneficial in mitigating the severity of the tsunami. In the following section, we shall review the 2HD mathematical models of landslide-generated tsunamis and the most important practical results which derive from their analytical solution. Current and future research directions stemming from such models will be further discussed in BDiscussion and new research directions^section.
Two-horizontal dimension models
Plane beach model (Sammarco and Renzi 2008; Renzi and Sammarco 2012) A feature of the plane beach geometry is its ability to trap waves generated on it. This results in energy focussing along the beach, which induces unexpectedly high run-ups (Kanoglu and Synolakis 2015) . Sammarco and Renzi (2008) showed that such a behaviour is due to the occurrence of transient dispersive shallow-water waves, otherwise non-dispersive on a flat bottom, propagating along the shoreline.
Mathematical formulation Let us consider an indefinite plane beach of given slope s. The effect of a flat continental shelf at the end of a finite beach will be analysed later in this section. Set a Cartesian reference system with the y′ axis along the shoreline, the x′ axis orthogonal to y′, and the z′ axis pointing upwards from the (x′, y′) plane, as shown in Fig. 1 . The landslide is modelled as a rigid sliding block, symmetric with respect to the x′ axis. Hence, the induced wave field will be symmetric with respect to x′ too, so that it suffices to solve the governing equations only in the sector y′ > 0. The landslide has maximum vertical height η and characteristic horizontal length 2σ (see again Fig. 1 ). We shall assume that the slope is mild, s ≪ 1, and that the slide is thin, η/σ ≪ 1, such as in the case of the Stromboli landslide tsunami (Di Risio et al. 2009a, b; Cecioni et al. 2011 ). This excludes large-scale flank collapses, where strong shoreline motions, wave breaking and possible dissipation effects during propagation occur (Tehranirad et al. 2015) , which are not considered in this paper. Assuming a mild slope and a thin slide allows us to use the linear inviscid shallowwater theory for forced waves on an incline (Renzi 2010) . The governing equation of motion reads:
is the nabla operator. ζ ′(x′, y′, t′) is the free-surface elevation, g is the gravity acceleration, t′ is time and h ′ = sx′ = d′ + f′ (x′, y′, z′), where d′ is the actual bottom depth. f′ (x′, y ′, t′) is a prescribed forcing term which introduces the time history of the seafloor deformation in the equation of motion (1). The latter can be solved once appropriate boundary conditions are prescribed. We require that the free-surface elevation ζ′ be finite at the shoreline x′ = 0 and as x′ → ∞, and that the fluid is initially at rest: ζ′ (x′, y′, 0) = ∂ζ′/∂t′ (x′, y′, 0) = 0. The full solution of such a boundary-value problem for ζ′ (x′, y′, t′) is obtained for any generic disturbance f′ (x′, y′, t′). Application of the cosine Fourier transform along y′ (Chapter 7.6, Mei 1997) and the method of variation of parameters to the forced governing equation (Eq. 1) yield the non-dimensional form of the free-surface elevation:
are non-dimensional variables. In Eq. 2, the L n s are the Laguerre polynomials of integer order n (Mei et al. 2005) , while the T n s are given by
In the latter expression,f ττ is the second-order time derivative of the Fourier transform of the bottom dislocation. The ω n s are defined by the dispersion relation
which relates the wave frequency ω n of the nth wave mode to the wavenumber k along the shoreline. Note that the dispersion relation of shallow-water waves over a plane beach, Eq. 5, is very different from that of shallow-water waves propagating over a bottom of constant depth h i.e. ω ¼ k ffiffiffiffiffi gh p (Mei et al. 2005) . Over a flat bottom, shallow-water waves travel all at the same phase speed c ¼ ω=k ¼ ffiffiffiffiffi gh p , so that frequency dispersion is absent.
Along a plane beach, instead, waves travel at the phase speed c n
=k, see Eq. 5, which depends on the wavenumber k. Longer waves (k → 0) travel faster (c n → ∞) and are followed by a train of shorter waves (k → ∞ implies c n → 0), exhibiting a dispersive behaviour. This model provides an analytical demonstration of the dispersive nature of landslide tsunami waves propagating over an inclined bottom. The numerical simulations of Ma et al. (2012) and Ma et al. (2013) recently confirmed the importance of frequency dispersion in landslide tsunami propagating on a plane beach. Note from Eqs. 2-4 that the final form of the free-surface elevation ζ depends on the shape of the landslide and on its law of motion via the function f (x, y, t). Renzi and Sammarco (2012) analysed the effects of two different seafloor movements. One is a translating double Gaussian landslide of the form
where the subscript g denotes quantities relevant to the double Gaussian slide. Such a slide moves offshore as a rigid body, its centre being initially at x = x g . Since the slide is thin and the slope is mild, the uniformly accelerated motion of the slide down the incline is approximated as a uniform motion with constant speed u g (Di Risio et al. 2009a; Renzi and Sammarco 2012) . Vertical cross sections of the double Gaussian slide are shown in the parametric plots of Fig. 2 . The second landslide shape considered by Renzi and Sammarco (2012) is a finite-length double parabolic slide:
In the latter, the subscript p denotes quantities relevant to the double parabolic slide. H is the Heaviside step function, which is used for cutting the slide to a finite length along both x and y. Again, only y > 0 is considered because of symmetry. Such a slide has a finite rectangular footprint, in contrast to the double Gaussian slide (Eq. 6) which in fact decays to infinity in both directions. Note that the double parabolic slide of Eq. 7 moves with constant offshore speed u p , its centre being initially at x = x p . Vertical cross sections of the double parabolic block are shown in Fig. 2 . In the following, we shall show the dynamics of landslide tsunami generation and propagation in the case of a double Gaussian slide along a plane beach (Eq. 6). Next, we shall comment on the influence of the slide shape and continental shelf.
Tsunami generation and propagation Figure 3 shows four 3D snapshots of the tsunami generated by the double Gaussian landslide (Eq. 6) of (Tinti et al. 2005) . At the onset of motion, the sliding mass pushes water ahead and an elevation wave is generated in front of it (Fig. 3a) . At the same time, a depression wave forms landward, where the shoreline retreats. While the elevation wave quickly disappears offshore, the depression at the back of the slide becomes deeper, creating large pressure gradients along the shore (Fig. 3b, c) . Those gradients drive strong fluxes towards the centre just to fill the gap, resulting in a focussing effect which produces a large rebound wave. The latter eventually splits into two crests, which then start to propagate in an organised manner along the shoreline (Fig. 3d) . This dynamics is consistent with the eyewitness accounts of the 2002 Stromboli tsunami, for which Tinti et al. (2005) report: Bthe water withdrew, picked up sand, rose like a wall and then started propagating as an organised wave^. Indeed, the wave field is made by an evanescent component quickly decaying offshore (Fig. 3b, c) , and by a propagating longshore motion (Fig. 3d) . The latter is responsible for tsunami devastation along the beach. The model results of Renzi and Sammarco (2012) . If again σ g = 0.37 m, η g = 0.045 m and λ g = 0.185 m, the overall area beneath the theoretical curve f g (Eq. 6) approximates the maximum cross-sectional area of the experimental landslide. The centroid initial position is now x g = −0.18 m and the mean speed is u g = 0.845 m/s, in accordance with the experimental setup (see Table 1 ). Figure 4 shows the time series of the tsunami (ζ′) generated by the landslide at two different points along the shoreline. The thin red line shows the experimental data, while the bold black line represents the model results, in very good agreement with the experiments. Note that at both locations the largest wave is never the first one but is rather shifted towards the middle of the group. This interesting behaviour, also reported in several eyewitness accounts (Tinti et al. 2005) , results from the absence of a properly defined leading wave along a sloping beach, as shown analytically by Sammarco and Renzi (2008) . Note that this delaying effect of the tallest waves is a property of the plane beach bathymetry. For example, it does not occur over a flat bottom, where instead a proper leading elevation wave exists and has the shape of an Airy function (Mei et al. 2005; Di Risio and Sammarco 2008; Sammarco and Renzi 2008) . We finally note that this peculiar signature of landslide tsunamis along a beach can induce a distorted sense of safety. People might believe that the worst has passed after the first wave has stricken, only to be hit by a taller wave later.
Influence of the slide shape In order to analyse the influence of the slide shape on the generated wave field, Renzi and Sammarco (2012) modelled the same event as above (see again Fig. 4) , but with the double parabolic landslide f p (Eq. 7 and Fig. 2 ) instead of the double Gaussian one. The slide parameters, reported in Table 2 , are set so that the double parabolic slide maximum cross-sectional area approximates that of the double Gaussian slide of Table 1 . Direct comparison of the free-surface elevation ζ ′ in the two cases reveals a general correspondence between the two wave fields, as shown in Fig. 5 . However, while the perturbation induced by the Gaussian slide is smooth, the wave field generated by the double parabolic slide is characterised by the occurrence of spiky double-crested waves. The latter are likely caused by the secondary inertial rebound occurring soon after the tail of the slide enters water (Renzi and Sammarco 2012) . Such an effect is mostly enhanced for sharp bodies, like the double parabolic slide, rather than for blunt bodies like the Gaussian slide. Therefore, the presence of irregularities in the shape of the landslide can favour the generation of potentially more destructive doublecrested waves.
Influence of the continental shelf Renzi and Sammarco (2012) also analysed the dynamics of landslide tsunami generation and propagation along a semi-plane beach, where the slope extends to a finite length b′ and then connects to a continental shelf of constant depth h b ′ = sb ′. A sketch of the semi-plane beach geometry is shown in Fig. 6 . By using the method of matched eigenfunction expansion, Renzi and Sammarco (2012) surprisingly found that all the natural shallow-water modes of the semi-plane beach are still trapped along the shoreline, in the form of edge waves, just like it happens with a plane beach. The only noticeable influence of the continental shelf is that it lowers the number of eigenmodes to a finite amount with respect to those excited along a plane beach, which instead are infinite. As a consequence, landslide tsunamis generated along a semi-plane beach tend to be less energetic than those along an infinite slope. To better appreciate such difference, Renzi and Sammarco (2012) took the same Gaussian landslide of Table 1 , with x g = 0, u g = 1, but sliding along a finite incline of slope s = 1/3 and length b′ = 0.37 m, connecting to a continental platform of depth h b ′ = 0.123 m. The solid lines of Fig. 7 show the time series of the tsunami (ζ′), at points A (0.4 m offshore) and B (0.8 m alongshore), respectively. In the same figure, Renzi and Sammarco (2012) plotted the time series of the free-surface elevation obtained at the same points, but for an indefinite plane beach. As anticipated, the wave field generated in the semi-plane beach is less energetic. This happens since for small beach lengths (b ′ ≃ σ) only the first beach modes are excited and concur to generate the propagating tsunami. Therefore, the presence of a continental shelf at the end of a relatively short beach (i.e. whose length is comparable to the landslide length) might be beneficial in reducing the tsunami energy.
Conical island model (Renzi and Sammarco 2010)
Tsunami propagation in cylindrical geometries can be much more puzzling than that along a straight coastline. For example, one might think that an island would act as a natural shelter, protecting those sectors of the shoreline which are radially opposite to the area of tsunami generation: this is far from reality. Indeed, during the 1992 Flores island tsunami, unexpectedly large run-up occurred in the lee side of the Babi island, impacting areas normally protected from swell waves (Bardet et al. 2003; Kanoglu and Synolakis 2015) . The mathematical model of landslide tsunami generation and propagation around a conical island of Renzi and Sammarco (2010) shows that edge wave-like modes are excited and travel around the shore. This explains why part of the tsunami energy can be trapped around the shoreline, thus producing enhanced run-up while the waves circle around the island. Let again 2σ, 2λ and η be, respectively, the landslide characteristic length, width and thickness. Then the same non-dimensional variables as in Eq. 3 can be defined, but with r′ instead of x′ i.e. r′ = x′/b′. By combining the Laplace transform with the methods of separation of variables and matching expansions, the solution of Eq. (8) was found for a double Gaussian landslide of shape
Mathematical formulation
In the latter, r c (t) is the radial coordinate of the centroid and γ = 1/θ 0 , θ 0 = 2λ/r c (0) being the characteristic angle subtended by the landslide at its starting position. Along the island flanks (r 0 < r < b), the free-surface elevation was found to be
where c.c. is the complex conjugate, n denotes the angular modes and ω is the wave frequency. The A n s and B n s in Eq. 10 are frequency-varying modal shape functions depending on the geometry of the system (for detailed expressions see Section 3.3 of Renzi and Sammarco 2010) . Finally, H 1;2 ð Þ cn is the confluent Heun function of first (second) kind and order n, solution of the confluent Heun equation, which is a second-order ODE with two finite regular singular points and an irregular singular point at infinity. Solution 10 is a first-time application of the confluent Heun functions as the natural solutions of the problem of tsunami propagation in a conical geometry (Eq. 8). On the other hand, on the continental platform (r > b) the free-surface elevation was found to be
where C n is a frequency-varying modal shape function which depends on the slide parameters (for the detailed expression of C n see Section 3.3 of Renzi and Sammarco 2010) . In Eq. 11, H n is the Hankel function of first kind and order n, outgoing at large distance from the island (Mei 1997) . The presence of outgoing terms in Eq. 11 implies that transient waves are indeed capable of escaping the island towards the far field. That contrasts with the perfect trapping of a plane beach, where shallow-water waves cannot escape at all (see again BPlane beach model (Sammarco and Renzi 2008; Renzi and Sammarco 2012 )^section). Indeed, landslide-generated tsunamis around a conical island are not perfectly trapped. As a consequence, there exists a transient leading wave propagating radially, which Renzi and Sammarco (2010) showed to be time decaying as
). That is quicker than the decay of the leading wave in a twodimensional ocean of constant depth,
) (Mei et al. 2005) . Such a quick decay of the offshore leading wave in the conical island geometry implies that much of the tsunami energy is still held around the island, whose beach acts as a barrier to partially trap waves. In the following section, we shall comment on the dynamics of generation and propagation of a tsunami induced by a double Gaussian landslide around a conical island, resembling the 2002 event at Stromboli (Tinti et al. 2005) . Figure 9 shows the time series of the run-up generated by the double Gaussian slide of Eq. 9 along an island of wet contour r 0 ′ = 2.27 m slope s = 1/3 and bottom radius b′ = 4.45 m. The landslide characteristic length and width are, respectively, σ = 0.175 m and λ = 0.0875 m, while the thickness is η = 0.045 m (see Table 3 (Fig. 9a-c) . Like on a plane beach (see again Fig. 3 ), close to the origin the water at first recedes, due to the generation of a deep depression wave at the back of the slide. The through is then followed by a large crest, resulting from the inertial rebound due to the focussing of fluxes towards the origin. Note that the model wave period is about 2 s and the maximum run-up is 0.01 m, which in nature would correspond to about 63 s and 10 m, respectively, according to the chosen Froude scale. This is consistent with the report of Tinti et al. (2005) for the 2002 tsunami at Stromboli. Moving far from the landslide at θ 4 , the first wave has a small crest, followed by larger oscillations (see Fig. 9d ). Again, the largest wave is shifted towards the middle of the group, as it occurs along a plane beach, where this phenomenon is associated with the excitation of edge wave modes trapped along the shoreline. This suggests that edge wave-like components of the wave motion can be partially trapped around a conical island, leading to large runup even at locations normally sheltered from swell waves. The theoretical findings of Renzi and Sammarco (2010) were later confirmed experimentally by Romano et al. (2013) . By using new high-resolution experimental datasets, Romano et al. (2013) found that the run-up time series of landslide tsunamis around a circular island indeed contain waves resembling the 0th-order edge wave mode. This result has significant practical importance, as a simple formula like the 0th order edge wave dispersion relation (Eq. 5 with n = 0) could be used to obtain a quick estimate of the tsunami period and speed (Romano et al. 2013 ).
Tsunami generation and propagation

Discussion and new research directions
Moving from theory to practice, the development of a tsunami early warning system (TEWS) for coastal landslides is still a challenge, see Cecioni et al. (2011 . First, the origin of a landslide tsunami is near the shoreline, so that the tsunami propagates very quickly into coastal areas, as in the case of the Sissano lagoon (Farrell et al. 2015) . This makes the need for timely warning an issue of paramount importance. Unfortunately, such a requirement competes against the need for long computational time to run complex inundation prediction models. Second, such models are always associated with some degree of uncertainty, due to uncertain trigger characteristics (e.g. position, shape and motion of the landslide). This leads to significant delays in tsunami warning and makes estimating the uncertainty impractical. Here is where analytical models prove their importance. Based on the analytical model of Sammarco and Renzi (2008) , Sarri et al. (2012) built a fast statistical emulator which enables one to obtain tsunami estimates almost instantaneously. The Sarri et al. (2012) emulator is capable of producing 1000 tsunami run-up evaluations in as little as 83.9 s, providing accurate results quickly in situations where early warnings are necessary. From a modelling point of view, a limitation of the analytical models of Sammarco and Renzi (2008) , Renzi and Sammarco (2010) and Renzi and Sammarco (2012) is the absence of bottom friction and slide deformation. Wang et al. (2011) derived an improved landslide tsunami model which considers solid friction, lubricative resistance and hydrodynamic pressure on the slide. The model of Wang et al. (2011) shows that resistance, size and speed of the slide play a major role in determining the run-up on a twodimensional (2D) plane beach. A drawback of the 2D model of Wang et al. (2011) is the impossibility of modelling 3D effects, like transient longshore edge waves. Mohammed and Fritz (2012) explored the effect of slide deformation by using deformable granular landslides in a 3D physical model. They found that the tsunami wave profile depends mainly on the landslide thickness, width and length, thus in general agreement with the solid-block analytical results of Sammarco and Renzi (2008) . An interesting effect of slide deformation is the generation of nonlinear trailing waves by superposition of slow flux of thinning landslide material and shoreline oscillations near the impact zone (Mohammed and Fritz 2012) . Such a dynamics could be modelled via a weakly nonlinear extension of the analytical theory of Sammarco and Renzi (2008) , with the addition of a deforming landslide.
Concerning the propagation of tsunamis around islands, recently Stefanakis et al. (2014) have shown that focussing effects of incident waves around circular islands can lead to unexpected large run-up behind the lee side, instead of protecting it. The hydrodynamic problem of tsunami generation in a circular geometry has been also considered by Stefanakis et al. (2015) , who analysed the generation of waves by an uplifting circular sill. Stefanakis et al. (2015) found that partial wave trapping reduces the wave height in the far field, while amplifying it near the sill, in perfect agreement with the analytical model of Renzi and Sammarco (2010) .
One recent research direction points at investigating the effect of enclosures on the propagation of landslide tsunami waves. By using a nonlinear model equation in a Lagrangian reference frame, Couston et al. (2015) investigated the run-up of a landslide tsunami in a lake. They found that constructive interference between longshore edge waves and multiple reflections of transient waves from the lakeshore can magnify the highest run-up. This explains the unusual run-up recorded in the Lituya bay event of July 9, 1958.
Another interesting research direction points to the use of acoustic precursors for the early detection of tsunamis. Underwater acoustic (hydro-acoustic) waves are generated by seafloor movements together with tsunami waves (Synolakis et al. 2002; Hendin and Stiassnie 2013 ) and travel at a speed close to the speed of sound in water, about 1500 m/s. That is much larger than the speed of typical landslide tsunami waves e.g. about 28 m/s for the (Romano et al. 2013 ). This suggests that hydro-acoustic waves can be used as precursors for the early detection of tsunamis. Recently, Sammarco et al. (2013) and Renzi et al. (2015) have derived model equations of hydro-acoustic wave generation by bottom displacements within the framework of a mild-slope theory (Mei et al. 2005) . Cecioni et al. (2015) have applied the MSEWC model of Sammarco et al. (2013) to real large-scale scenarios, confirming the feasibility of earthquake TEWS based on the detection of hydro-acoustic waves with submarine hydrophone stations. Application of this technique to landslide tsunamis is envisaged as an intriguing development.
